In this study we show that Trc and Fry function cell autonomously in Drosophila da neurons to regulate dendritic tiling and branching. Trc-kinase activity is required for the dendritic branching and tiling in vivo and is positively regulated by Fry. The control of dendritic branching but not tiling involves negative regulation of the RacGTPase signaling pathway by Trc. These findings suggest that Trc/Fry utilizes two distinct signaling pathways to shape the dendritic fields: one pathway to limit dendritic branching and a separate pathway to promote like-repels-like response of dendritic processes.
Results

trc and fry Mutants Display Dendritic Branching Phenotypes
In a screen for enhancer trap lines showing expression in dendrite arborization (da) neurons, we found one in- dritic morphogenesis of da neurons.
(wt, n ϭ 24; fry 1 , fry 6 , n ϭ 25; trc 1 , n ϭ 15).
To visualize dendrites in fry mutants, we introduced the pickpocket-EGFP reporter, which is specifically expressed in class IV sensory neurons (Grueber et al. Figures 1D and 1E ). These observations suggest that total branch length were increased by a factor of two, both trc and fry function to regulate dendritic branching whereas the major branch architecture appeared normal of class IV da neurons. (Figures 1B, 1E, and 1F Figure 1E ) and total dendrite length ( Figure 1F ) and found that the norTrc and Fry Control Dendritic Tiling malized dendritic crossings remained significantly inbetween Different Class IV Neurons creased in fry and trc mutants ( Figure 1G ).
Given that trc and fry mutations compromised tiling of We also examined the class IV dendrites of hypomorterminal branches from the same neuron (iso-neuronal phic alleles and transheterozygotes of trc and fry and tiling), we wondered whether trc and fry also control found that robust tiling phenotypes were still observed tiling of dendrites from different neurons (hetero-neuin mild mutants with fry and/or trc function reduced to ronal tiling). The dendrites of the three class IV neurons a level that caused no overbranching (Figures 1E-1G) .
in each abdominal hemisegment, ddaC, v'ada, and vdaB For instance, the fry 6 hypomorphic allele shows a re-( Figure 4A ), normally cover the whole epidermis with duced fry expression due to a P element insertion ( 4C ). In ized to the total branch length, the number of dendritic fry 1 and trc 1 null mutants, however, the v'ada and vdaB crossings in the fry 6 mutant dendrites was slightly higher dendrites often invaded neighboring fields, resulting in ‫)%02ف(‬ than that in null mutants ( Figure 1G ). Similarly, a partial overlap of the dendritic fields ( Figures 4D, 4E , tiling defect was apparent in larvae transheterozygous 4H, and 4I). Major branches as well as terminal branches for fry 1 and fry 6 or fry 1 and trc 1 despite the normal denoverlapped extensively in both fry and trc mutants. The dritic length and branch points ( Figures 1E-1G ). Taken fry 6 hypomorphic mutant also displayed clear heterotogether, these observations suggest that the tiling pheneuronal tiling defects ( Figures 4F and 4G ). Similar but notype in trc and fry mutants is not secondary to the milder dendritic tiling defects were observed in transhetoverbranching phenotype and that trc and fry function erozygotes for fry 1 and fry 6 and in transheterozygotes together to ensure dendritic tiling of class IV neurons.
for fry 1 and trc 1 ( Figure 4J ). As observed in ddaC neurons, v'ada and vdaB dendrites also displayed iso-neuronal tiling defects with 12%-14% crossing in fry and trc mu- There was a good correlation between the strength of a repressive cell marker) system (Lee and Luo, 1999) to generate mCD8-GFP-labeled trc, fry, or trc fry double the iso-neuronal and hetero-neuronal tiling phenotypes ( Figure 4J ). These observations suggest that trc and fry mutant clones in heterozygous background. Compared to the wild-type ddaC dendrites, trc and fry mutant ddaC regulate both iso-neuronal and hetero-neuronal tiling, presumably through the same mechanisms. dendrites displayed a 50% increase in the number of Table 1 ). The percentage of branches making a A priori, it is conceivable that multiple dendritic branches initially coinnervate the same territory and have extenturn was significantly reduced by a factor of three in both null and hypomorphic fry mutants (Table 1) . Instead sive crossings; tiling could result from retraction of some of these branches. Alternatively, in the like-repels-like of turning, about 45% of the mutant dendritic branches ran across other branches at many locations (Figures scenario, dendrites interact with one another to avoid overlap and crossing throughout development.
5D-5F arrows, Table 1 ). These findings are consistent with the like-repels-like scenario. It appears that in fry To distinguish between these possibilities, we first looked for dendritic crossings during development. mutants, dendrites can grow and retract normally, but their inability to turn in order to avoid like dendrites Within a few hours around the time of hatching (AEL 20-23 hr), the territories of v'ada and vdaB neurons results in tiling defects. become defined. In wild-type control, we found no significant overlap between dendrites of v'ada and vdaB Trc and Fry Are Expressed in Dendrite Arborization Neurons neurons throughout development: in newly hatched larvae, first instar larvae 3 or 6 hr after hatching, second
To examine the expression pattern of Trc and Fry, we performed immunostaining analyses on dissected laror third instar larvae ( Figure 4K ). In contrast, dendritic crossings were already evident in newly hatched fry vae using polyclonal antibodies raised against Trc or Fry. We found that both Trc and Fry are widely expressed mutant larvae, and the number of crossings increased continuously during larval development ( Figure 4K) . including all da neurons in third instar wild-type larvae ( Figures 6A-6C Figure 7B ). To test whether Trc kinase activity is required for proper denterminal dendrites, albeit milder than that induced by the K122A mutant, whereas the dendritic tiling defects dritic branching and tiling in vivo, we generated a kinasedead mutant (K122A) and a mutant in which both Ser292 seen in S292AT449A-expressing dendrites were as obvious as those induced by the K122A mutant (Figures 7H and Thr449 were replaced with alanine (S292AT449A) to prevent phosphorylation. Specific expression of wildand 7J). These results strongly suggest that both Trc phosphorylation and Trc kinase activity in neurons play type Trc with a class IV neuron-specific Gal4 driver largely rescued both dendritic branching and tiling dean essential role in dendritic branching and tiling. fects of the trc 1 mutant ( Figures 7D and 7I) ; however, neither the K122A nor the S292AT449A mutant could Fry Positively Regulates Trc Kinase Activity Given the genetic interaction between trc and fry and rescue these phenotypes (Figures 7E and 7I Figure 8I ). Taken together, these findings suggest that the Trc/Fry signaling negatively regulates Rac activity to control dendritic branching whereas another, distinct pathway mediates the action of Trc in tiling.
Discussion
Trc and Fry in Dendritic Branching
In this study, we examined the role of Trc and Fry in patterning of the dendritic field of Drosophila sensory neurons. We found that the Trc/Fry signaling pathway plays an essential role in regulation of dendritic branching. . The independence trc and fry null mutants display both overbranching and tiling phenotypes, one obvious possibility is that the of tiling and branching phenotypes is further supported by the observation that the dominant-negative RacN17 tiling phenotype simply results from the overbranching phenotype. The following lines of evidence support the could suppress the dendritic branching but not the tiling phenotype due to expression of the dominant-negative notion that the dendritic tiling defect in trc and fry mutants is not secondary to the overbranching phenotype.
TrcK112A mutant. Our timelapse observations show that in wild-type First, when normalized by the total branch number or the total branch length, the number of dendritic crossings in larvae, ‫%07ف‬ of terminal branches appeared to make a dramatic turn before they cross nearby branches, again trc and fry null mutants remains significantly greater than that in wild-type controls. Second, in the absence supporting the idea that the like-repels-like mechanism plays a central role in class IV dendritic tiling. Compared of dendritic overbranching, a robust tiling phenotype is still observed in the fry 6 hypomorphic allele, as well as to wild-type, fry mutant dendrites failed to turn away from nearby branches, but they showed normal net larvae transheterozygous for fry indicating that tiling defects can be separated from
